Abstract The study was designed to genotype individual Cryptosporidium oocysts using an 18S rRNA gene-based semi-nested PCR and direct sequencing procedure. Positive PCR amplification was observed in all single C. parvum HNJ-1 oocyst samples tested. Semi-nested PCR and direct sequencing was applied to Cryptosporidium oocysts isolated from sewage and river water. The procedure could genotype 54% of FITC-stained single oocysts isolated from sewage and 32% from river water. The predominant genotype in both sewage and river water was C. parvum genotype 1, accounting for 33 and 25%, respectively, of all the FITC-stained intact Cryptosporidium oocysts present.
Introduction
Recently, a number of species and genotypes with different host specificities have been described in the genus Cryptosporidium. Molecular analysis indicates that C. parvum, which is the species principally responsible for human cryptosporidiosis, has at least two different genotypes: anthroponotic (genotype 1) and zoonotic (genotype 2) (Morgan et al., 1997; Pieniazek et al., 1999; Ward et al., 2003) . The use of molecular characterisation techniques, such as PCR-RFLP and PCR-direct sequencing, has been adopted in many studies of Cryptosporidium from water samples (Johnson et al., 1995; Xiao et al., 2000; Jellison et al., 2002; Sturbaum et al., 2002) . Most of those studies used bulk DNA as PCR templates. As a consequence, the genotyping results identify only the predominant genotype and the presence of others remains unclear.
The present study was designed to develop a means to overcome this problem. We devised a multi-step procedure involving isolation of individual oocysts, and genotyping using 18S rRNA gene-based semi-nested PCR and direct sequencing. Application of this approach to samples of sewage and river water provided profiles of the relative abundance of different Cryptosporidium genotypes. We found that C. parvum genotype 1 predominated in both the sewage and river water samples.
Materials and methods

Design of semi-nested PCR primers
The variable region on the 18S rRNA gene was used for genotyping Cryptosporidium (Johnson et al., 1995; Morgan et al., 1997; Ward et al., 2003) . The PCR primers CPB-DIAGF1 (5 0 -GCTCGTAGTTGGATTTCTGTTAA-3 0 ), a modified version of CPB-DIAGF, and CPB-DIAGR (5 0 -TAAGGTGCTGAAGGAGTAAGG-3 0 ) were used for PCR (Johnson et al., 1995) . The CPB-DIAGF1/CPB-DIAGR primer pair amplified an approximately 400-bp product in C. parvum HNJ-1 DNA (genomic DNA extracted from approximately 50 oocysts). The amplicons were sequenced and confirmed to be a part of the 18S rRNA gene of C. parvum HNJ-1 (GenBank Accession Code: AB089290). Unfortunately, under these amplification conditions, the amplification product from an isolated single C. parvum HNJ-1 oocyst could not be detected on an agarose gel (2%) following ethidium bromide staining.
In order to obtain sufficient amplification for genotyping from a single Cryptosporidium oocyst, we designed inner primers for use in semi-nested PCR. Semi-nested amplification was carried out on single oocysts using the primer pair CPB-DIAGF1 and inner primer CPB-DIAGR1 (5 0 -CCAATCTCTAGTTGGCATAG-3 0 ), a modified version of CPB-DIAGR (Johnson et al., 1995) . Binding sites of the primers used in this study are shown in Figure 1 . Semi-nested PCR sensitivity was evaluated using this primer pair with 1-10 C. parvum HNJ-1 oocysts and with samples diluted in the range 1:2 to 1:64 from a single oocyst.
Isolation of single Cryptosporidium oocysts
Cryptosporidium parvum HNJ-1 strain: Cryptosporidium parvum HNJ-1 (genotype 2; GenBank Accession Code: AB089290) was used to evaluate the single oocyst seminested PCR-sequencing protocol. The strain was passed through SCID mice (C.B-17/Icr, CLEA Japan Inc., Tokyo, Japan) in the Research Institute of Bioscience, Azabu University. Oocysts were purified from faeces of infected mice by sucrose flotation. The stock of purified oocysts was stored in PBS at 4 8C. IFA-stained (Easy Stain-fitc, BTF Pty. Ltd., Australia) C. parvum HNJ-1 oocysts of 10 L were placed into 50-L Milli-Q water containing 0.1% TX-100 in a circle of approximately 1 cm diameter inscribed with a water repellent pen (Dako Pen: DAKO, Hamburg, Germany) on a plastic dish. FITC-stained intact oocysts were identified using an inverted epifluorescence microscope at £ 200 (TE300; Nikon Corp., Japan). A calibrated pipette (Drummond Scientific Co., PA, USA) was heated and pulled to a diameter of approximately 10 m; the pipette was controlled with an aspirator when manipulating single isolated oocysts. Fifty C. parvum HNJ-1 oocysts were isolated and placed on separate glass slides. Each slide was observed using a differential interference contrast microscope (BX60; Olympus, Japan) at £ 200 and £ 1,000 magnification, and accurate single isolation was confirmed. Sampler (Hashimoto et al., 2002) . Sewage and river water concentrates were purified by sucrose flotation and washed with ethyl acetate.
After purification, Cryptosporidium oocysts were separated using the IMS procedure (Dynabead anti-Cryptosporidium beads; Dynal Biotech, Norway) (USEPA, 1999 ). An immunofluorescent antibody stain was applied to the separated samples using a Cryptosporidium antibody kit (Easy Stain-FITC, BTF Pty. Ltd., Australia). Stained samples were dropped on to a plastic dish and intact oocysts were manipulated using a glass microcapillary under inverted epifluorescence microscopy. Each isolated single oocyst was dispensed into a 200 L PCR tube containing 20 L of PCR buffer.
Semi-nested PCR amplification
PCR tubes containing single Cryptosporidium oocysts were subjected to three freezethaw cycles (280 8C/room temperature) and then incubated at 100 8C for 15 min with 5 L of 10% TX-100 for DNA extraction. Initial PCR with the primer pair CPB-DIAGF1 and CPB-DiagR (Johnson et al., 1995) was performed using a PCR thermal cycler (TP500; TaKaRa Biomedicals, Shiga, Japan) with the following programme: denaturation at 94 8C for 5 min, followed by 40 cycles at 94 8C for 1 min, 54 8C for 30 sec and 72 8C for 30 sec, and a final extension of 72 8C for 7 min. Initial PCR products were purified by spin column centrifugation (Ultra Clean PCR Clean-up kit, Mo Bio Laboratories, CA, USA) and finally eluted with 50 L of Milli-Q water. For nested amplification, 1 L of purified PCR product was used as a template. The primer pair of CPB-DIAGF1 and CPB-DIAGR1 was used for semi-nested PCR. The nested samples were incubated with the same PCR cycle conditions as the initial PCR.
DNA sequencing and genotyping
Semi-nested amplification yielded DNA products of approximately 400 bp containing a polymorphic region that enables discrimination of Cryptosporidium genotype (Morgan et al., 1997; Ward et al., 2003) . Amplification products were purified by gel filtration and sequenced using an auto sequencer (RISA384; Shimadzu Corp., Kyoto, Japan). All sequences were identified from the GenBank database.
Results and discussion
Sensitivity of single oocyst semi-nested PCR and sequencing
The sensitivity of semi-nested PCR in a single oocyst was evaluated using a purified fresh C. parvum HNJ-1 oocyst stock. Thirty C. parvum HNJ-1 oocysts were transferred into separate PCR tubes following microscopic isolation, and semi-nested PCR was performed. All samples showed specific amplification products of approximately 400 bp on an agarose gel ( Table 1 ). The amplification products of all samples were sequenced and found to be identical to the corresponding fragment of the C. parvum HNJ-1 18S rRNA gene (AB089290).
The extracted DNA solutions from isolated single C. parvum HNJ-1 oocysts were diluted 1:2, 1:4, 1:8, 1:16, 1:32 and 1:64 with MQ water. Each diluted sample was subjected to the semi-nested PCR protocol described above. A total of 10 semi-nested PCR trials were performed for each dilution. We found that at dilutions of 1:2 and 1:4, the amplification procedure was always successful. However, the sensitivity of the assay fell with increasing dilution and at 1:64 no specific amplification products were recovered (Table 2 ). These results demonstrate that the single oocyst semi-nested PCR and sequencing method has the capability of a 100% detection rate using purified C. parvum HNJ-1 oocysts. In addition, as the Cryptosporidium genome contains a number of copies of the 18S rRNA, specific amplification was observed using template equivalent to less than a single oocyst in the dilution experiment. This result suggests that it may be feasible to perform multiplex PCR to analyse different regions of a single Cryptosporidium oocyst. As each intact oocyst contains four sporozoites this is theoretically possible to obtain detection with a one-quarter dilution of the DNA.
Sewage and river water isolates analysis
A total of 239 oocysts from 15 sewage samples and 71 oocysts from three river water samples were isolated. The detection rate using semi-nested PCR was 62 and 54%, respectively, for sewage and river water isolates. We were able to genotype 51 and 32%, respectively, of the sewage and river isolates (Table 1) .
Semi-nested PCR products of individual Cryptosporidium oocysts from sewage and river water were sequenced to confirm identification of genotype. These sequences were compared with the most polymorphic region known for Cryptosporidium spp., and the identification of the different isolates from sewage and river water is shown in Table 3 .
The relative frequencies of each Cryptosporidium genotype found in the sewage and river water samples are shown in Figure 2 . The predominant genotype isolated from the sewage sample was C. parvum genotype 1 (AY204231 or A204235 or A204241). C. parvum genotype 1 (AY204235, etc.) ACTATTTTT-TTTTTTAGT S1-1 R1-1 C. parvum genotype 1 (AY204241, etc.)
ACTATTTTT-TTTTT-AGT S1-2 R1-2 C. parvum genotype 1 (AY204231, etc.)
ACTATTTTT-TTTT--AGT S1-3 R1-3 C. parvum isolated VF383 (AY030084.1, etc.) ACTATATTA--TTATTAGT S2 C. parvum genotype 2 (AF178700, etc.)
Two anthroponotic types were identified in the sample, C. parvum genotype 1 and C. parvum VF383 (AY 030084). Potentially zoonotic types in the sample were C. parvum genotype 2 (A204238) and C. meleagridis (AY166839). In addition, we identified two pig-derived genotypes, Cryptosporidium sp. Pig 1 (AF108861) and Cryptosporidium sp. PG1-26 (AY271721) and also C. parvum CPM1 mouse type (AF112571). Overall, 93% of the genotyped Cryptosporidium oocysts from sewage were of the anthroponotic and zoonotic types. In the river water isolates, C. parvum genotype 1 again predominated (Figure 2 ), suggesting contamination of the river water by human sewage. Also present in the river water sample were Cryptosporidium sp. Pig 1, Cryptosporidium sp. PG1-26, and the zoonotic type C. parvum genotype 2.
Conclusions
This study was designed to validate the use of the 18S rRNA gene-based semi-nested PCR and direct sequencing procedure for genotyping of single Cryptosporidium oocysts, and to apply this approach to the genotyping of Cryptosporidium oocysts isolated from sewage and river water. Using fresh and purified C. parvum HNJ-1 oocysts, we showed that PCR amplification products could be obtained from single isolates. Moreover, the PCR procedure could successfully amplify a specific product from samples diluted to 1:4. When we applied the procedure to Cryptosporidium oocysts isolated from sewage and river water, the predominant genotype found in both was C. parvum genotype 1. The method also enabled us to identify other Cryptosporidium genotypes present in the water samples and to estimate their relative abundances. 
